Combined radioluminescence, afterglow and thermoluminescence experiments on single-crystal samples of co-doped CsI:Tl,Sm suggest that samarium electron traps scavenge electrons from thallium traps and that electrons subsequently released by samarium recombine non-radiatively with trapped holes, thus suppressing afterglow. Experiments on single crystals support the inference that electrons tunnel freely between samarium ions and are trapped preferentially as substitutional Sm
Introduction
The feasibility of substantially diminishing afterglow in CsI:Tl scintillator material by co-doping with Sm 2þ has been demonstrated . Rate equations informed by experiment predict that deeper samarium electron traps scavenge electrons from shallower thallium traps and combined radioluminescence, afterglow and thermoluminescence experiments on single-crystal samples suggest that electrons released by Sm þ recombine non-radiatively with holes trapped as V KA (Tl þ ) centers, thus suppressing afterglow . A linear-coupling model in the harmonic approximation, based on quantum-chemistry calculations with selective lattice relaxation, suggests further that non-radiative charge transfer is enabled by low-energy excited states of Sm 2þ within the ground configuration and is mediated by spin-orbit interaction. Although recombination is predominantly non-radiative, tracking of the process with enhanced gain settings is enabled both by radiative recombination following thermal ionization and by a small radiative component of the chargetransfer recombination associated with magnetic-dipole transitions from low-energy excited states of Sm 2þ
. In the present investigation, combined scintillation and afterglow experiments were performed on two single-crystal samples of CsI:Tl,Sm with nominal concentrations of 0.11% Tl þ and of 0.2% and 0.05% Sm 2þ , respectively, in order to determine the concentration dependence of the rate of non-radiative charge transfer. Co-doping of CsI:Tl with Sm 2þ also diminishes the scintillation light output somewhat; that effect has been discussed extensively in previous work . Two microcolumnar films of CsI:Tl,Sm, grown by vapor deposition on a graphite substrate with equal 0.1% nominal concentrations of Tl þ and Sm 2þ , one of which was annealed for 48 h at þ250 C, were also investigated by combined scintillation and thermoluminescence. The purpose of these films is to enhance the spatial resolution of radiation detectors, but afterglow suppression is appreciably less effective than in single crystals, although it is partly restored by annealing.
Experiment
An electron Van de Graaff accelerator operated at a beam voltage of 1.0 MV was employed as the primary radiation source with the 1.0 mA electron beam stopped by a thin copper target that served as a point source of 0.5 MeV gamma rays. Samples were mounted on a heated pedestal and cooled by flowing nitrogen gas, the sample temperature was monitored by a thermocouple and luminescence was transmitted to a photomultiplier by a shielded optical fiber. Immediately following four-minute irradiations the gain was increased by several orders of magnitude to monitor afterglow of single crystals or thermoluminescence of microcolumnar films. Light output data were recorded at four-second intervals.
Complete rate equations for each phase of the process were presented previously . Rate equations for the afterglow phase in terms of the normalized trapped-hole concentrationñ h and normalized light outputĨ are 
The parameters a and r respectively determine the rate of chargetransfer recombination and its radiative fraction, and the parameter p ðSmÞ e determines the rate of thermal ionization. These equations were fitted to afterglow data with the optimized parameter values listed in Table 1 . Optimized values of r are typically w1%. Table 1 plus additive constants to simulate PM shot noise (dashed curves).
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Promoting-interaction model
The frequency factor s A is proportional to the promoting-interaction and thus to the square of the matrix element of the spin-orbit interaction between initial and final states. A diffuse 6s orbital centered at r ! 0 can be represented in a continuum approximation with effective mass ratio m * =mz1:0 by
With the assumption of a fixed separation Dr of initial and final sites in each crystal sample, the ratio of promoting-interactions is given by
where r is the total dopant concentration and k ¼ 6.31 (David R. Lide, 1996) . It follows that Dr 1 =a ¼ 2:88 and Dr 2 =a ¼ 3:59, where a ¼ 4.56 Ǻ is the lattice parameter.
Discussion
The calculated values for the separation of initial and final sites are plausible for the nearest dopant sites but not for a random distribution of trapped charges substantially less than the dopant concentration. Accordingly, the promoting-interaction model incorporates the assumption that electrons tunnel freely between samarium ions and are trapped preferentially near V KA (Tl þ ) centers where non-radiative recombination is the rate-limiting step, thus explaining the single non-radiative transition rate for fixed temperature and dopant concentration. An earlier tunneling model (Delbecq et al., 1974) provides an egregiously poor fit to the present data.
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